Abstract: Existing load monitoring methods for induction machines are generally effective, but suffer from sensitivity problems at low speeds and non-linearity problems at high supply frequencies. This paper proposes a new non-invasive load monitoring is proven to be a low-cost and non-invasive method for induction machine load monitoring.
Introduction
Induction motor drives play an important role in many industrial applications from a few watts to several megawatts, and they consume the majority of electricity used by industry [1, 2] . During their service life, the operational costs can easily be in excess of their capital costs. In order to increase their reliability and energy efficiency, monitoring their operational conditions is of critical importance. In particular, load anomalies have an impact on machine operation and power quality. Additionally, variable loads can cause ambiguity or misinformation in a machine condition monitoring system [3] . For load monitoring, a non-invasive method without any torque sensors is attractive especially in harsh environments [4] . Hence, this work develops a state-of-the-art condition monitoring technique based on magnetic flux sensors.
In general, the torque monitoring procedure is based on simplified induction machine models for steady-state and quasisteady-state analysis. Simulation studies use dynamic models of induction machines followed by experimental measurements [5] .
Torque transducers for non-invasive measurements with multiple functions are still a challenge for researchers [5] . Some electrical methods are based on the measurements of electrical terminal quantities such as voltage and current. Motor current signature analysis (MCSA) is popular which utilises the spectral analysis of the phase currents to pinpoint the fault in the machine [6] and to evaluate the load situations. In case an abnormality occurs inside the machine, its frequency components may appear in the current spectrum [7] . Meanwhile, the diagnostic analysis has been reported by sensing currents during transient state and steadystate operation; such as the sequence components of currents, park vectors, wavelet transforms and zero-crossing instants [8] [9] [10] .
However, these methods suffer from a common drawback: they cannot provide fault location information, nor discriminate between different faults, especially under the influence of power supply and dynamic load variations [11] .
Alternatively, vibration can also be a means to detect possible faults developed in electrical machines. Vibration detection techniques are generally effective for detecting mechanical faults, such as bearing failures, gear mesh defects, rotor misalignment and mass unbalance [12, 13] . Their main drawback is that they need detailed information about machine geometry and operating characteristics, such as frequency response functions [14] . In addition, vibration-based monitoring needs expensive sensors to collect the data [15] .
Clearly, non-invasive approaches do not disrupt the normal operation of motor drives and are highly desired if they provide reliable condition information where current and mechanical measurements cannot provide. These are technically challenging, but are the focus of this paper. Several research teams have developed condition monitoring technologies by collecting magnetic flux characteristics of machines, as the magnetic flux is related to the magnetic state of the machine, which can be affected by the presence of faults [16] . Since the stray flux is induced by the stator and rotor currents, the stray flux and current signals may provide an insight into the faults and failures in the machines [17] . Moreover, magnetic flux may also provide location information [18] where search coils cannot. Conventional flux-based condition monitoring technologies typically operate under steady-state conditions while transient response analysis can provide dynamic information with a high signal-to-noise ratio [19] , Therefore, a time-frequency spectrogram approach is also utilised in this paper in order to obtain load and spectral information associated with faults or failures.
Various magnetic sensors are used for magnetic flux measurements and condition monitoring. There have been several attempts to use search coils to assess for machine monitoring. By implementing search coils into stator slots, any abnormal airgap flux can been obtained, which presents the health state of electrical machines [20] . However, the search coil monitoring technology is an invasive approach, which may damage the monitored machines. For instance, a loop search coil is developed to be mounted at the machine case to detect the stray flux of the machine. Recent work has focused on the detection of radial magnetic field [21] , since the magnetic field can be studied by means of axial and radial direction sensing. By analysing the spectral signatures of stray flux information in the frequency domain, variable types of machine faults can be identified, such as shorted turns, broken bars and end rings in induction machines [21, 22] . However, as the sensitivity of the search coil is at a minimum for low frequencies, a sensitivity problem can arise when a machine is running at low speeds. In recent years, researchers have developed new magnetic flux detection devices to increase measurement sensitivity, response frequency bandwidth and accuracy of monitoring systems [17] . On one hand, a magnetic flux probe was developed with a ferromagnetic core, which leads to an improvement of its characteristics compared with previous search coils [22] . On the other hand, this also gives rise to nonlinearity at high flux amplitude and frequencies. One major disadvantage of coil-based flux measurements is that they cannot measure static magnetic fields due to Faraday's law.
Giant magnetoresistance (GMR) is a relatively new technology for measuring magnetic flux, and is especially suited for measuring low-level stray flux. GMR sensors are built by alternating, thin layers, of magnetic and non-magnetic materials. By applying multiple layer structure, the sensitivity, linearity, spatial resolution and frequency response of GMR sensors are better than search coils [23] . Furthermore, GMR sensors are smaller, cheaper, more flexible and can be easily installed in any machines without causing any disturbance to normal operation. They are initially applied in the field of non-destructive testing and evaluation such as defect detection in ferromagnetic materials and electrical conductors [24] [25] [26] . Presently, they are not used for measuring magnetic flux in any electrical machines as a condition monitoring technique.
The paper is organised as follows. Section 2 provides a detailed analysis of using a GMR sensor to measure the static and transient loads of induction motors. Section 3 presents an experimental setup and test results to confirm the effectiveness of the proposed technique, followed by a short conclusion in Section 4.
Proposed GMR-based load monitoring system
Firstly, an optimised location and direction must be determined. These are studied by Finite element analysis (FEA) simulation.
Sensor location for measuring stray flux
The stray flux is a magnetic flux that radiates from the inside of the machine frame and is inherently an attenuated air gap flux. It is associated with stator and rotor currents; both produce magnetic flux with different spectral components. Depending on the physical location of the measurement point, the stray flux can contain information about both stator-and rotor-producing fields to a varying degree.
In order to select sensor specifications and appropriate locations for installing the GMR sensors, FEM simulation on a targeted motor is carried out. 
Principles of the proposed load monitoring system
The relationships of stator-and rotor-current-induced magnetic fluxes and motor load torque are presented as follows.
The stray flux of an induction machine is created by both stator and rotor currents. The reference frames can be transformed from the 3 phase (a-b-c axis) to the d-q axis using the Clarke transformation, and then to the − axis by the Park transformation. In this case, the air gap flux is used to link the stray flux with motor load. This air-gap flux can be expressed as [27] :
where subscripts r and indicate the rotor and stator components, respectively. Ψ is the air-gap flux; M is the mutual inductance.
, are the stator currents in the − axis and , are the rotor currents in the − axis, respectively.
From equations (1 and 2), both the stator current and rotor current affect the magnetic field in the air gap. The air gap flux is given by:
where B is the component magnitude, is the magnetic flux density in the air gap at a given point, m is the number of pole pairs, is the angular speed, is the harmonic rank, is the angular position, , is the initial phase. From numerical analysis, the relationship of the radial magnetic flux density and the air-gap flux density is linear. Fig. 2 shows the stray flux within an induction motor.
Fig. 2. The stray flux in an induction machine
As discussed in [17, 28] , the radial external magnetic field is related to the air gap flux in the way it is attenuated by the stator lamination and the external machine yoke. The attenuation phenomena can be decoupled and calculated by using a global transmission coefficient. The global attenuation coefficient ( K H ) can be determined by multiplying individual attenuation coefficients of the stator yoke, machine frame and the air gap between the case and the sensor [29, 30] .
For a field-oriented induction motor drive, its torque is calculated by
where is the stator-rotor mutual inductance and is the rotor self-inductance.
Considering the load and disturbance, the motor torque can be rewritten as
where is the load torque, Δ is torque disturbance, is the friction factor of the bearings, and J is the total mechanical inertia constant of the motor and load.
Thus the whole drive system can be represented by the control system block diagram as shown in Fig. 3 . In the model of variable speed drive dynamics, an induction machine generates electromagnetic torque according to the torque current from speed controller.
Fig. 1. System model of the induction motor drive
The close loop transfer function from speed reference Ω ( ) to the rotor speed Ω ( ) is given by
where the capital letters denote the Laplace transformation of corresponding parameters.
By algebraic manipulation, the close loop transfer function can be rewritten as a 2 nd -order dynamic system with one zero.
( ) =
2 + + + 
Usually, = 1 in order to achieve critical damping, the step response of ( ) is
As the machine load increases, the damping factor ζ increases. This will slow down the system's unit step response and gives rise to its time constant.
It becomes clear that measuring the magnetic flux helps trace the stator or current variations which link with load variations.
As magnetic sensors have high-frequency response, the transient magnetic field is also needed in order to monitor dynamic loads, which will be discussed in Section 3.
Experimental Studies
The proposed GMR-based load monitoring system is implemented experimentally so as to illustrate the relationship between load variations and measured stray flux in steady and transient states. Two experimental test benches have been developed to perform a motor load test and a bearing test, as shown in Fig. 4 . Firstly, two identical 1.5 kW induction motors are tested on the motor load bench to verify the repeatability of the test method. Their stator windings are star connected and the rotor windings are short-circuited. The frame of the test induction machines is aluminium. The load is a DC motor coupled to the test machine shaft and controlled by a DC load drive. Furthermore, a torque meter, an encoder and a power analyzer are employed to measure load torque, speed, load and output power, as shown in Fig. 4a and Fig. 4c . A GMR sensor (NVE AA002) is glued in the middle of the machine yoke to measure the stray magnetic flux. The output voltage from the GMR sensor is measured by an oscilloscope and recorded on a PC.
Experimental work is carried out via no-load, static and dynamic load tests, in the first test bench. During the no-load test, the machine is operated at the synchronous speed. After that, one DC motor provides a constant load to the test machine. In the dynamic load test, the DC motor applies a constant load and the stray magnetic flux is measured from the machine start-up process up to a steady-state operation.
The bearing test bench is used to investigate the fatigue progress in a bearing driven by the third induction machine. This is a three-phase 59 kW wound rotor induction machine with a steel frame. By using a hydraulic system, variable loads can be applied to the test bearing to accelerate the ageing of the bearing. With the degradation of the test bearing, the motor load would increase to some degree, which is detected by the GMR sensor. 
where ( ) is the temporal signal, ℎ( − ) is the window conjugate form and is the frequency. By applying the short-time Fourier transform (STFT) on the test data, transient information of the test data is obtained in the time-frequency domain.
Steady state test result and data analysis
At the motor load test, the DC motor generates loads ranging from 0 to 5 N•m. The stray flux is measured in the z-direction of magnetic field on the machine frame. The GMR sensor detects the radial magnetic flux of external magnetic field of the test machine. The output voltage waveform of the GMR sensor is almost sinusoidal in Fig. 5a . Fig. 5b . It can be seen that the stray flux increases with loading in a steady state operation; and its peak value increases from 68.1 to 198 mV and 87.1 to 200mV, respectively. In Fig. 5b , the stator current is also shown. From the previous analysis in Section 1, the stator current can increase the stray magnetic flux which is measured in the z-direction around the machine in this study. As a result, the load state of the induction machine can be monitored by GMR sensor in the steady state.
Transient test result and data analysis
The transient state of the machine loading can also be monitored through two different indicators. They are the first peak value of the GMR voltage output waveform, and the transient response time of spectrogram results. Fig. 6 shows the measured output voltage waveforms from the GMR sensor during two machine operational conditions. By controlling the DC motor as a variable load, the test machine starts with a fixed load while the load changes from 5, 4.5, 4, 3.5, 3, 2 to 1 N•m for starting tests.
Test results are presented in Fig. 6 . It is observed that there is a peak value at around 80 mS in every waveform of the stray magnet flux and the peak value of this waveform increases with loads. The air-gap magnetic flux reaches a maximum value at the beginning of the start-up period. It is evident that the stray flux can indicate the load variations in the machine starting transients.
a b To validate the proposed method and feature extraction for monitoring induction machines, the second load monitoring test was applied to a 59 kW motor. The first case study was carried out with steady features applied. As shown in the bearing test bench (Fig. 4b) , the motor shaft is directly linked with a test bearing. As the hydraulic system exerts an additional constant load on the bearing, bearing cracks or failures may be generated as a result of excessive fatigue cycling. Any cracks and faults on the test bearing will lead to a load increase. The proposed method and transient feature (spectrogram) were applied to load monitoring, especially at motor start-up for estimating the bearing condition. Fig. 8a and Fig.8b show the bearing state (outer race and inner race) before and after a ten-day accelerated fatigue test. The test data from the second test bench was processed and the spectrogram results are shown in Fig. 8c . The start-up process is divided into several steps due to the heavy load and large power rating of the experimental system. After several days of continuous testing, the start transient response time was obtained and plotted in Fig. 8d . As the transient response time increases, some bearing faults start to appear, as illustrated in Fig. 8b . 
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